A negative association between polymorphism Leu-214 and type-1 thymidine analogue mutations (TAM1) and a positive association with a clinically favorable virological response to thymidine analogue-based combination antiretroviral therapy have been described. In this study, the impact of Leu-214 on replication capacity and resistance to zidovudine (ZDV) of viruses containing TAM1 or TAM2 was determined. Leu-214 decreased the growth rate of viruses bearing Tyr-215, as well as their resistance to ZDV. This observation was confirmed by structural and molecular modeling data, suggesting a regulatory role for Leu-214 in the emergence and phenotypic resistance of TAM1.
A negative association between polymorphism Leu-214 and type-1 thymidine analogue mutations (TAM1) and a positive association with a clinically favorable virological response to thymidine analogue-based combination antiretroviral therapy have been described. In this study, the impact of Leu-214 on replication capacity and resistance to zidovudine (ZDV) of viruses containing TAM1 or TAM2 was determined. Leu-214 decreased the growth rate of viruses bearing Tyr-215, as well as their resistance to ZDV. This observation was confirmed by structural and molecular modeling data, suggesting a regulatory role for Leu-214 in the emergence and phenotypic resistance of TAM1.
Human immunodeficiency virus type 1 (HIV-1) reverse transcriptase (RT) is responsible for the conversion of the viral single-stranded RNA genome into double-stranded DNA, prior to host-genome integration in target cells. RT has been widely considered a key target for combination antiretroviral therapy. Drugs targeting this viral enzyme include nucleoside analogues (NRTIs) and nonnucleoside RT inhibitors (NNRTIs). One of the mechanisms contributing to decreased HIV susceptibility to NRTIs promotes the removal of the nucleoside analogue from the terminated DNA chain (22) . The mutations responsible for this effect, thymidine analogue mutations (TAMs), emerge after long-term therapy with zidovudine (ZDV) and/or stavudine (d4T) and confer resistance to almost all clinically approved RT inhibitors. Two different TAM patterns have been defined: TAM1, including Leu-41, Trp-210, and Tyr-215; and TAM2, including Asn-67, Arg-70, Phe-215, and Gln/Glu-219. TAM1 is more prevalent and confers a higher degree of resistance to thymidine analogues (6, 8, 10, 12, 19, (32) (33) (34) . To date, the factors driving one mutational pattern or another remain unclear, although the genomic background of the treatment-naive viral population, host factors such as HLA genotype (16) , and stochastic effects could be involved.
Leu-214 is a natural polymorphism in the RT coding region, and it is present in ca. 10 to 20% of antiretroviral treatment (ART)-naive and ART-experienced patients carrying any of the major HIV-1 subtypes A, B, or C (3, 4; http://www.hiv.lanl .gov/). A negative association between Leu-214 and the TAM1 pattern and a positive association with the TAM2 pattern have been observed (29) . Moreover, it has recently been demonstrated the association of the Leu-214 with a favorable virological response to thymidine analogue-containing ART (3). These data suggest that Leu-214 may regulate divergent resistance pathways by affecting viral fitness and/or drug susceptibility. However, experimental evidence supporting these observations has not yet been reported. The aim of the present study was to compare the in vitro growth rate and relative viral fitness of HIV-1 recombinant mutants containing the Leu-214 polymorphism in RT containing TAM1 or TAM2 patterns, in both the absence and the presence of ZDV. A preliminary structural analysis was also performed in order to explain the putative role of this polymorphism in the RT replicative capacity at the molecular level.
MATERIALS AND METHODS
Site-directed mutagenesis. Phe-214 is found in the hemiplasmid p83-2 (9) containing the 5Ј half of the genome of the proviral clone pNL4-3 (1). The Leu-214 polymorphic variant was generated by PCR-based site-directed mutagenesis on nucleotide position 3189 (17) by using a QuikChange II site-directed mutagenesis kit (Stratagene). The TAMs Trp-210 (position 3178) and Phe-215 and Tyr-215 (positions 3192 to 3193) were introduced into wild-type variants containing either Phe-214 or Leu-214 by using the same procedure (Fig. 1) .
Generation of a cloning vector. The recombinant vector pJM14 (21), reconstructed with an RT-coding region (including its DNA polymerase and RNase H domains) (30) , was used to create the new cloning vector pJM16⌬RT (5Ј-half of the HIV-1 genome without RT). Briefly, the RT-coding region of reconstructed pJM14 was cut with the restriction enzymes SmaI (position 2588) and AgeI (position 3493) (Fermentas), and the resulting fragment was replaced by a polylinker.
Cloning. To avoid miscarrying mutations that could have occurred during the PCR-based mutagenesis amplification, a 908-bp fragment ranging from positions 2574 to 3482 from the newly generated mutants was amplified by PCR (Platinum Taq High Fidelity; Invitrogen) using primers 2574U29-SmaI (5Ј-CCA GTA AAA TTA AAG CCC GGG ATG GAT GG-3Ј) and 3482L31-AgeI (5Ј-TGG GTC ATA ATA CAC TCC ATG TAC CGG TTC T-3Ј) and subsequently subcloned into the pJM16⌬RT cloning vector using the SmaI and AgeI restriction enzymes (Fermentas). Sequence integrity from positions 2500 to 3600 was confirmed on the newly generated clones (BigDye Terminator v3.1 cycle sequencing kit; Applied Biosystems).
Generation of viral stocks. Infectious viral stocks from recombinant proviral clones were obtained by cotransfection with hemiplasmid p83-10 (containing the 3Ј half genome of the pNL4-3 [9] ) by electroporation of MT-4 cells (NIH AIDS Research and Reference Reagent Program). Seven days after transfection, supernatants were collected and p24
Gag content was determined by enzyme-linked immunosorbent assay (HIV-1 p24 ELISA kit; Perkin-Elmer). Chemiluminescence titration assays in HeLa-derived TZM-bl cells (NIH AIDS Research and Reference Reagent Program) were used to determine the mean 50% tissue culture infective dose(s) (TCID 50 ) of each viral stock, as previously described (18) .
Replication capacity assays. Viral replication kinetics of mutant viruses was assayed by inoculation of 5,000 TCID 50 of each viral stock onto 5 ϫ 10 6 peripheral blood mononuclear cells (PBMC) mixed from two healthy donors (multiplicity of infection [MOI] of 0.001), previously stimulated with 3 g of phytohemagglutinin (Sigma-Aldrich)/ml and 10 U of interleukin-2 (Roche)/ml for 3 days. Replication kinetics assays were performed in parallel, using the same PBMC donor mix in order to guarantee reliable results. After incubation for 2 h at 37°C, the cells were washed twice with phosphate-buffered saline and resuspended in RPMI (Invitrogen) medium supplemented with 20% fetal bovine serum (FBS, Invitrogen) and interleukin-2 (10 U/ml) at a final concentration of 10 6 cells/ml. When indicated, ZDV (Sigma) was added to the cultures. Viral replication was quantified by measuring HIV-1 p24
Gag antigen production in the culture supernatant for 7 days (HIV-1 p24 ELISA kit; Perkin-Elmer). Growth kinetics were analyzed by fitting a linear model to the log-transformed p24
Gag data during the exponential growth phase by maximum-likelihood methods using GraphPad Prism 4 software.
Growth competition assays. Each pair of competing viruses was mixed at ratios of 20:80, 50:50, and 80:20 to infect 10 6 MT-4 cells in 1 ml of R-10 (RPMI medium supplemented with 10% FBS), with 1,000 TCID 50 (MOI of 0.001). After 2 h at 37°C, cells were washed twice with PBS, resuspended in 5 ml of R-10 medium (2 ϫ 10 5 cells/ml) and cultured in six-well plates. Culture supernatants were collected twice weekly, and 100 l was used to newly infect 10 6 of fresh MT-4 cells. Viral RNA was extracted from culture supernatants by using the Qiamp viral RNA minikit (Qiagen). The viral RNA fragment from positions 2212 to 4120 was first amplified by one-step RT-PCR (Superscript High-Fidelity; Invitrogen), followed by nested PCR ranging from positions 2574 to 3482. The relative proportions of the two competing variants were determined at days 7, 14, 21, and 28 based on the relative peak heights of codons 210, 214, and 215 in electropherograms obtained by bidirectional sequencing of the RT coding region (Big Dye Terminator v3.1 cycle sequencing kit and a 3100-Avant genetic analyzer [Applied Biosystems]).
Structural analysis. The structural analysis was performed by using the X-ray crystallographic coordinates of HIV-1 RT deposited in the Protein Data Bank (http://www.rcsb.org/PDB) with code 1N6Q (27) . This structure corresponds to a HIV-1 RT complex bound to a DNA-DNA template primer, where the primer is blocked at its 3Ј terminus with ZDV. In this Protein Data Bank entry, the ZDV-monophosphate (ZDVMP) moiety is located at the nucleotide binding site, in the so-called "pretranslocation" complex. The starting geometries of the mutants containing Tyr-215 in combination with Leu-214 and Phe-214 were generated by making single-residue substitutions in the crystallographic structure. In order to analyze the potential interactions occurring in the absence of the drug, the ZDVMP residue was replaced by deoxythymidine-monophosphate (dTMP). The obtained structures were energy minimized, using the MMFF force field (11), a dielectric constant equal to 1, and a convergence criterion fixed at 0.5 kJ/mol ⅐ Å. RT residues within 30 Å from the catalytic Asp residues were free to move, while the rest of the enzyme was kept frozen. Subsequently, the MOLINE method (2) was adopted to evaluate the interaction energies of the four complexes derived from the combination of both RT variants and both DNA primer templates with 3Ј-terminus ZDVMP or dTMP. All simulations were performed with MacroModel version 7.2 (24). The LigPlot program was used to identify the most relevant interactions between the nucleotide and p66 subunit of the RT (31) .
Statistical analysis. Statistical data were estimated by using GraphPad Prism v.4 software. A Student t test was applied to compare data means.
RESULTS
Variations in the replication capacity. Viral replication kinetics of mutant viruses was first assayed in the absence of drug. As expected, all HIV-1 variants Phe-214 or Leu-214 in combination with Trp-210, Tyr-215, or Phe-215 showed decreased replication capacity compared to the wild-type virus. The loss of fitness was more evident in viruses with mutations at codon 215 (Fig. 2) . In fact, the role of Trp-210 in replication capacity is controversial, with some previous studies reporting a significant effect on viral fitness (13, 14) and others showing limited change (5, 20) .
No statistically significant difference on replication capacity was observed between the two viruses containing Phe-214 or Leu-214 within the wild-type background. However, pairwise comparisons of the growth rate of viral variants that contained Phe-214 or Leu-214 in combination with the TAM Trp-210, Tyr-215, or Phe-215 showed that Leu-214 significantly decreases the growth rate of the Tyr-215 mutant, slightly decreases replication of the Trp-210 variant, and has no effect on the Phe-215 mutant, with respect to viral variants that contained Phe-214 (Fig. 2) . The data also suggest that Tyr-215, the major mutation in the TAM1 pattern, resulted in a better fitness than the Phe-215 mutation in the Phe-214 background, whereas no clear advantage was observed in the Leu-214 background.
Growth competition assays were performed to assess the previous results. Recombinant viruses with either Phe-214 or Leu-214 in an otherwise isogenic viral backbone were com- thymidine analogue-associated mutation Tyr-215 were selected to perform replication kinetics assays in the presence of 0.02, 0.2, and 1 M ZDV. When cultured at 0.02 M ZDV, the wild-type Thr-215 variants remained more replicative than the Tyr-215 mutants (Fig. 4A) , as expected, because the ZDV IC 50 in wild-type-susceptible virus is 0.033 M (25). In contrast, both Tyr-215 mutants-whether containing Phe-214 or Leu-214-replicated better at 0.2 M ZDV (Fig. 4B) . In these conditions, Phe-214/Tyr-215 replicated better than Leu-214/ Tyr-215. When 1 M ZDV was used in the cell culture, the replication advantage of Phe-214/Tyr-215 was even greater (Fig. 4C ). Our findings demonstrate that the Tyr-215 mutation in a Phe-214 background results in better replication kinetics and greater fitness than with Leu-214 in the absence or presence of ZDV. Molecular modeling studies. In order to test whether the structural proximity of the side chains at positions 214 and 215 could explain the different levels of viral replication and susceptibility to ZDV, we built molecular models of the RT variants containing the Tyr-215 mutation in complex with a template primer containing ZDV-or dTMP-terminated primers and evaluated the interaction energy (⌬E) for the four RT complexes. According to the theoretical models, the calculated ⌬E of ZDVMP primer template with the RT containing Phe-214 and Tyr-215 was higher than that observed with the enzyme containing Leu-214 and Tyr-215 (⌬E in kcal/ 5A and B) . In agreement with the results of the replication kinetics assays carried out in the absence of drugs, the Phe-214/Tyr-215 variant bound to the dTMP-terminated primer showed a favorable energetic profile, since the interaction energy for the dTMP moiety was slightly lower than for the Leu-214/Tyr-215 combination (⌬E in kcal/mol, Ϫ4,836.35 versus Ϫ4,830.22). Such an observation was further supported by the higher stabilization of the dTMP due to the specific hydrogen bond established between the nucleotide and the p66 Ala-114 backbone only in the RT harboring the Phe-214/Tyr-215 combination ( Fig. 5C and D) .
DISCUSSION
In the absence of drug, Tyr-215 and Trp-210, both included in the TAM1 pattern, confer higher replication capacities when in combination with Phe-214, whereas the Phe-215 mutation, considered a TAM2, did not show any significant advantage. The impact of the Leu-214 polymorphism on viral replication when associated with other changes in the RT structure may explain the strong negative association observed in NRTI-failing patients between TAM1 and Leu-214, probably by affecting the stability of the dTMP-enzyme complex by interactions between aromatic side chains at close positions (Fig. 5) .
The proportion of patients who experienced virological failure at 48 months after starting thymidine analogue-based combination ART was 16% in patients with Leu-214 and 36% in those with Phe-214, if previously ART-naive patients, or 47% in patients with Leu-214 and 72% in those with Phe-214, if ART-experienced patients (3). Our results provide additional insights into the favorable impact of Leu-214 on the virological response to thymidine analogue-based treatments. This effect could be due to the fact that Leu-214 somehow inhibits the development of TAM1. It has been reported that this mutational profile confers higher phenotypic resistance to NRTIs than TAM2, thus providing a favorable effect on virological response (6, 7, 15, 26) . Moreover, our results suggest that Leu-214 not only influences viral fitness but could also play a direct role in drug susceptibility. Thus, viruses containing Tyr-215 in their RT were more susceptible to ZDV in the presence of Leu-214 than in the presence of Phe-214. Our molecular modeling studies highlighted a favorable interaction energy of ZDVMP primer template for the variant containing Leu-214/ Tyr-215. These data would be consistent with a higher genetic barrier for excision of the inhibitor in the presence of a pyrophosphate donor. However, geometrical constraints arising from the different conformation of the ZDVMP moiety in the binary complex could also affect the removal of the inhibitor. Our results also support previous reports showing that Tyr-208, Lys-211 and Phe-214 substitutions, despite lacking a direct effect on drug resistance per se, could increase ZDV resistance and cross-resistance when they appear in combination with amino acid substitutions of the TAM1 pathway (7, 23, 28) .
The present study evaluates the in vitro effect of Leu-214 on the single TAM1 Trp-210 and Tyr-215, since they showed a stronger negative association with Leu-214 in ART-experienced patients (3, 29) . In a similar way, the effect of Leu-214 on the single TAM2 Phe-215 was also assessed. In the latter case, the absence of a significant fitness effect when Leu-214 was combined with Phe-215 is not surprising since this mutation did not showed a positive per se association with Leu-214 in ART-experienced patients (3). Since in vivo TAM patterns are highly complex, involving a larger number of mutations clustering together, other TAMs, including Leu-41, Asp-44, Asn-67, Arg-70, and Gln-219, have yet to be evaluated in vitro. More complex approaches with diverse combinations of these TAMs could also improve our understanding of this association mechanism. Further modeling studies by means of molecular dynamics simulations could provide interesting insights into each mutation effect on the enzyme conformational properties and additional correlations with resistance profiles.
In conclusion, the effect of Leu-214 on the RT structure of HIV-1 directly affects the growth rate and drug susceptibility of drug-resistant variants containing TAM1. These results help to explain the putative role of Leu-214 in regulating the emergence of these viral variants and in enhancing the virological response to thymidine analogue-containing ART.
